BACKGROUND: High prevalence of diabetes in South Asians is associated with a pronounced tendency to abdominal obesity. This intermediate quantitative trait may be more amenable than type 2 diabetes to genetic linkage studies. OBJECTIVES: To derive a measure of central obesity independent of total adiposity and adjusted for factors under environmental in¯uence, and to estimate the genetic contribution to familial aggregation of this trait. SUBJECTS AND METHODS: A total of 1295 individuals from 300 families were studied in a community-based crosssectional study in Chennai, India. Central fat was measured using sagittal abdominal diameter, and adjusted for age, BMI and body fat percentage measured by impedance. Intra-sibship correlations were calculated for adjusted sagittal abdominal diameter and a comparison variable, adjusted body fat percentage. RESULTS: Among individuals free of diabetes, intra-sibship correlations were 0.48 for adjusted sagittal abdominal diameter and 0.14 for adjusted body fat percentage. CONCLUSIONS: Even after adjustment for possible assortative mating, these results are consistent with a heritability exceeding 90% for a trait de®ned as abdominal fat accumulation adjusted for total adiposity, sex and age. Linkage studies of abdominal obesity that map one or more of the genes underlying this high heritability are therefore a possible route to identifying genes for type 2 diabetes in South Asians.
Introduction
The pathogenesis of type 2 diabetes involves several metabolic disturbances, including resistance to insulinmediated glucose uptake, altered hepatic glucose production and defective beta-cell function. As each of these disturbances is a complex trait under the in¯uence of both genetic and environmental factors, the familial aggregation of type 2 diabetes is likely to result from the combined effect of many genes. In turn this means that linkage (allele-sharing) studies in families have low statistical power to detect the loci involved. 1 An alternative approach is to identify intermediate quantitative traits that lie further back in the causal path by which genes in¯uence the risk of type 2 diabetes. 2 A practical rule is that for allelesharing linkage studies to be able to detect a quantitative trait locus with realistic sample sizes, the locus must account for at least 10% of the variance in the trait. 3 Traits that are in¯uenced by fewer physiological pathways are likely to be under the control of fewer genes. If the heritability of the trait Ð the proportion of variance accounted for by genetic factors Ð is high, it is more likely that a single locus will account for a high proportion of the variance, and therefore that the trait will be amenable to genetic linkage studies.
Obesity is an intermediate trait in the causal pathway from genes to type 2 diabetes, but has relatively low heritability. 4 As obesity depends upon the balance between two complex traits Ð energy expenditure and energy intake Ð it is unlikely that any single gene accounts for a high proportion of the variance in body fat stores. A more promising intermediate quantitative trait is abdominal adiposity. Although visceral fat mass changes when body fat stores change, for a given level of total body fat, the proportion of fat deposited intra-abdominally is dif®cult to in¯uence by environmental manoeuvres. Apart from age, menopausal status and smoking, few other environmental factors have been shown to in¯uence abdominal fat levels independently of total body fat stores. 5 ± 9 The prevalence of diabetes is high in native Indians in Chennai (formerly Madras). 10 A high degree of familial aggregation of type 2 diabetes is seen in this population. 11 Glucose intolerance in South Asians is more strongly associated with central adiposity measured by waist girth, waist ± hip ratio or sagittal abdominal diameter than with any measure of generalised obesity. 12 The objective of this study was to derive a trait variable that represents abdominal adiposity independent of total adiposity and adjusted for age, sex and environmental in¯uences; and to determine whether its aggregation in South Asians is high enough for the trait to be amenable to study by linkage analysis. Ethical approval was granted by the London School of Hygiene and Tropical Medicine and the Diabetes Research Centre (Chennai) Ethics Committees.
Methods
The Family Fat Pattern Study was a community-based cross-sectional survey to which participants were recruited by a two-stage process. Participants were recruited from the northern suburbs of the city of Chennai from January to November, 1997.
Recruitment
Colonies' or groups of family apartments were approached by members of the ®eld team and a census was taken of the residents of each apartment in the colony. At this stage, the purpose of the study was explained, and the willingness of eligible family members to take part ascertained. An`eligible' family was de®ned as a grouping of two or more full siblings aged between 25 and 44. Parents also living in Chennai were included in the examination. This age range was de®ned to ensure that siblings were old enough to have begun accumulating abdominal fat stores, but young enough to have parents still alive.
Screening
Screening`camps' were held on Sunday mornings in the colony most recently recruited. Members of the ®eld team were trained in setting up the screening stations and making and recording reproducible measurements, and their technique was checked at intervals during screening. Eligible family groupings were encouraged to attend for screening together. The night before attendance, packets of glucose were taken to participating families, together with instructions to fast overnight, to make up the glucose with water, to drink it 1 3 4 h before arrival at the screening camp and to record the time at which it was drunk. At the screening camp, a blood sample was taken 2 h after the glucose load for measurement of 2 h glucose and for storage for late DNA analysis. A questionnaire encompassing possible confounding factors including menopausal status, medical history, smoking, alcohol consumption, physical activity at work and in leisure time, television watching habits, and markers for socio-economic status (occupation, access to a vehicle and employment of domestic servants) was administered in Tamil and English.
Measurements of height, weight, triceps and subscapular skinfolds, and waist and hip circumferences were made according to a standard ®eld protocol. 13 Sagittal abdominal diameter (SAD) was measured using a Holtain ± Kahn abdometer (Holtain Ltd, Crosswell, Crmych, Dyfed), with the volunteer supine on a hard surface, the legs uncrossed and the arms at the sides. Using this instrument, the coef®-cient of variation of SAD has been reported to be 2.5% for men and 3.1% for women.
14 Bioelectrical impedance was measured using a Bodystat 1500 appliance (Bodystat Ltd, Douglas, Isle of Man). This appliance has been validated against other impedance instruments for its ability to predict body composition measured by reference methods. 15 
Data analysis
Three levels of socio-economic status were de®ned: (A) households with servants and access to a motor vehicle; (B) households with one of these; (C) households with neither. Sagittal abdominal diameter was ®rst adjusted for body mass index (BMI) and percentage body fat, to create a trait representing central fat independent of total fat. Next a stepwise regression model was used to adjust for measured environmental variables. Variance within and between sibships for the adjusted variable was calculated by one-way analysis of variance, and the intraclass correlation coef®cient calculated from this.
For a quantitative trait, the intraclass correlation between sib-pairs if there is no assortative mating is (
where V A is the additive genetic variance, V D is the dominance variance, V EC is the variance of effects of environment shared between sib-pairs and V is the total variance of the trait. 16 If the trait is adjusted for known environmental covariates, the component V EC will be small. Doubling the intraclass correlation will therefore yield (V A 1 2 V D )aV as an approximate estimate of heritability, since the dominance variance V D and the variance attributable to epistasis are usually small compared with the additive variance V A .
Assortative mating in¯ates the parent ± offspring and sib-pair correlations. 16 The parent ± offspring correlation can be approximately corrected by dividing it by (1 m), where m is the correlation between parents corrected for non-genetic factors, and the sib-pair correlation can be approximately corrected by dividing it by (1 2rm) where r is the corrected parent ± offspring correlation. 16 
Results
Complete data were available on 1295 individuals.
Clinical and socio-demographic data
Characteristics of the study population are given in Table 1 . Delineation of families is given in Table 2 . Of the sibships, 99 included more than one male sib, Familial aggregation of central obesity G Davey et al 105 more than one female sib, and 161 at least one sib of each gender. Table 3 shows mean sagittal abdominal diameter by quartile of body mass index for men and women to facilitate comparison with other study populations.
Men were found to walk more than women (men mean 17.5 kmaweek AE 20.3; women mean 7.2 kma week AE 7.5; P`0.0001), while women watched more television (women 13.3 haweek AE 9.8; men 12.0 haweek AE 9.8; P 0.014). In the study population, 58.2% fell into socio-economic level A, 30.6% into level B and 11.2% into level C.
SAD was not correlated with smoking status or height. Distance walked and SAD were signi®cantly inversely correlated. Smoking and alcohol consumption were absent among women. Age-speci®c prevalence of diabetes corrected to 1991 census data was 13.7%.
Derivation of a trait representing abdominal obesity adjusted for covariates
Correlation of sagittal abdominal diameter with a range of measured covariates is shown in Table 4 . A trait representing central fat independent of total fat was created by adjusting sagittal abdominal diameter for BMI and body fat percentage. Then possible environmental in¯uences on body fat distribution were explored using step-up regression with sagittal abdominal diameter corrected for total fat as dependent variable. This is shown in Table 5 . When age was included, 73% of the variation in sagittal abdominal diameter was accounted for. Sex, smoking, alcohol consumption, menopausal status, and socio-economic status did not materially alter this. The trait variable was therefore de®ned as sagittal abdominal diameter adjusted for age, BMI and body fat percentage.
A comparison trait variable was constructed using the same process, using body fat percentage as the dependent variable. Age, sex and height were found to account for 72% of the variation in body fat percentage.
Familial aggregation of the adjusted trait Table 6 Intraclass correlations for the comparison variable were tested using the same groupings by means of comparison with the original trait variable. The If we assume that the spouse correlations result entirely from genetic assortative mating, the parent ± offspring correlations can be approximately corrected by multiplying them by a factor of (1a (1 0.25)) 0.8, and the intra-sibship correlations can be approximately corrected by multiplying them by a factor of 1a(1 (2Â0.16Â0.25)) 0.93.
Discussion
We set out to de®ne a trait representing central adiposity independent of total body fat in South Indians. By adjusting this trait for known environmental variables and calculating sibling correlations, we estimated familial aggregation. This aggregation will re¯ect both genetic effects and other environmental factors that we were unable to measure or adjust for.
Reference methods for measurement of intraabdominal fat mass Ð computed tomography and nuclear magnetic resonance imaging Ð are dif®cult to apply in epidemiological studies. Sagittal abdominal diameter (SAD) has generally been found to be the best anthropometric predictor of visceral adipose tissue in men and women when validated against measurement of visceral adipose tissue by CT scan. 14, 17, 18 The ratio of SAD to mid-thigh diameter has been shown to discriminate incident coronary heart disease cases from controls better than any other anthropometric index. 19 While this study was not designed to investigate type 2 diabetes as an outcome, strong adjusted associations have previously been demonstrated between diabetes and SAD, waist circumference or WHR. 12 The variance of several of the traits measured (including BMI, for example) was lower than that in many Western societies. This has been noted in previous studies in this population. 10, 24 The intra-sibship correlation of 0.46 for adjusted sagittal abdominal diameter in this population was unexpectedly high. Exclusion of people with diabetes did not change this correlation. If covariance between sibs attributable to shared environment for this derived trait is small, this is approximately equivalent to a heritability of 0.92 for abdominal obesity adjusted for body fat percentage and other covariates. This is comparable to the heritability of adult stature. Other evidence that abdominal obesity is strongly in¯uenced by genetic factors comes from a twin study in a population of European descent, in which the heritability of waist circumference adjusted for body mass index was estimated to be in the range 0.72 ± 0.82. 8 In overfeeding studies, accumulation of intra-abdominal fat is highly concordant within monozygotic twin pairs. 20 For body fat percentage estimated from impedance measurements, the intra-sibship correlation was much lower, consistent with studies in populations of European descent in which the heritability of body fat percentage is estimated to be only about 0.30. 4 We have considered several possible alternative explanations for the high intra-sibship correlation. It is unlikely that this can be accounted for by chance, as the standard deviation of the estimate is small in this large sample. Measurement bias might be introduced if observers systematically measured and recorded more similar observations within family groupings than between these groupings. However the measurements followed a strict protocol that was closely supervised, and family members did not necessarily follow each other at any given station at the screening camp. Selection bias might possibly have operated if sibs concordant for body fat distribution were also more concordant for participation in this study. Another possible explanation for unexpectedly high concordance between siblings is that some unknown environmental determinant of body fat pattern is shared between siblings. We measured environmental factors known to in¯uence distribution of body fat and adjusted for these in the analysis, but there may be other factors which we were not able to measure and account for. For instance, sibs are concordant for intra-uterine factors that do not vary within mothers from one pregnancy to the next. To distinguish intrauterine from genetic in¯uences on human obesity, it would be necessary to study half-siblings.
The correlation between spouses is high. It is unlikely that this could result from assortative mating, as there is no evidence that body fat distribution is an important determinant of physical attractiveness independently of body mass index. 21 Correction for genetic assortative mating would have only a small effect on the estimate of heritability. Alternatively there may be effects of shared current household environment on body fat distribution. 22 In the Quebec Family Study, families of European descent were studied by computed tomography of the abdomen and measurements were adjusted for the effects of age and total fat mass. 23 Segregation analysis was consistent with an autosomal recessive locus accounting for 40% of phenotypic variance in intraabdominal fat, and a multifactorial effect accounting for 37%. If we have estimated the familial aggregation of body fat distribution correctly, and shared environmental factors other than those we measured do not account for more than a small fraction of this familial aggregation, the heritability of the trait that we have measured may be very high. If the number of genes in¯uencing this trait is not large it may be possible to identify one or more major genes in¯uencing body fat pattern using the adjusted trait we have de®ned. This is of practical importance, since the tendency to accumulate visceral fat is likely to have a central role in the metabolic disturbances associated with insulin resistance, glucose intolerance and ischaemic heart disease in migrant and native South Asian people. 10, 13, 24 
